Proton-induced absorption over the 2 80-700-nm region and growth of that coloring with increasing dosage of proton radiation were determined for three Schott glasses used as focusing elements in the International Ultraviolet Explorer. It was found that the absorption spectra for each glass can be fitted with three Gaussian shaped bands in the near UV-visible range, while a fourth Gaussian characterizes the absorption edge. For doses up to 107 rads, the dependence of the induced absorption a on total dose b is accurately described by the saturating exponential function e(a,-) = a [1 -exp(-b1')], where a and b are constants dependent on the wavelength and glass type. The proton irradiation results were then compared to the effects of electron irradiation on those same three types of glass. For any one glass, it was determined that electrons and protons produced absorption bands with peaks at the same energies but with different saturation levels. For the glasses and wavelength region investigated, proton irradiation induced higher absorption saturation levels a in the longer wavelengths, while electron irradiation induced greater absorption in the shorter wavelengths.
Introduction
Meteorological satellites, orbiting astronomical telescopes, and exploratory spacecraft all carry with them complex optical systems whose transmission can be severely affected by the harsh radiation environment of space. Radiation-induced darkening of a spacecraft's refractive components can lower expected signal levels.
Most investigations into this effect have used either electron or gamma-ray irradiation to simulate a space environment, mainly because of the easier accessibility of such sources for long-term studies. Detailed information on the coloring of glass by other types of radiation encountered in space, in particular protons, is limited. Yet there is a great need to examine protoninduced effects since solar flares, galactic cosmic radiation, and a large portion of the inner Van Allen belt radiation are composed of energetic protons and, depending on the orbit and the spacecraft's shielding, could be the main influence in degrading the transmission of a material. As a result of these concerns, the study described here was undertaken. * This paper will describe the coloring induced by 85-MeV protons in three Schott glasses representative When this work was done both authors were with Old Dominion University, Physics Department, Norfolk, Virginia 23508; M. F. Bartusiak is now with Boston University, Physics Department, Boston, Massachusetts 02215. of glass types used in space applications. They are now being used as focusing elements in the International Ultraviolet Explorer Fine Error Sensor. It will be shown that the absorption (i.e., coloring) induced in each glass by the radiation can be resolved into three optical absorption bands in the near UV-visible range. In addition, it will be discussed how that absorption grows with increasing dosages of protons, thus providing the means to predict degradation in any of the three glasses for a particular fluence of proton radiation.
Similar analyses were performed on data obtained from a previous study on the effects of 7.0-MeV electron irradiation on those same three types of glass.' It will be shown that protons and electrons produce absorption bands with peaks at the same energies for any one glass but with different absorption saturation levels after irradiation to doses around 106 rads.
Mechanisms of Coloring
The mechanisms involved in the coloration of transparent crystals and glasses by radiation are fairly well understood. 2 ' 3 Ionization is the dominant factor.
In ionization, the incoming radiation detaches electrons from atoms of the material, allowing them to move through the atomic network. A few percent of these free electrons and resulting positive holes can be trapped in defects within the material, such as ion vacancies, impurities, or nonbridging oxygens. Once the charge carriers are trapped, they are capable of absorbing light by electronic transitions; the exact frequency will depend on the environment surrounding the trapped electron or hole. These optically active sites are the well-known color centers. b nd is the index of refraction at the yellow helium line (587.6 nm).
Two aspects of this radiation-induced coloring were examined. First, the absorption induced by the radiation was determined over the wavelength region of interest (i.e., an induced absorption spectrum). 4 To measure this, the total absorption before irradiation (a combination of the true absorption of the material and the apparent absorption due to reflectivity at the surface) was subtracted from the total absorption after irradiation. Since the apparent absorption is not appreciably affected by irradiation, surface reflection effects subtract out this way. The quantity that results is known as the induced absorption a. Second, it was seen how this induced absorption grows as a function of the total dose.
The induced absorption spectrum (with wavelength converted to its equivalent photon energy) consists of the superposition of Gaussian shaped absorption bands, each corresponding to a different color center. 5 Each absorption band at energy E can be described as
where E 0 is the photon energy in electron volts at the peak of the band,. U is the full width at half-maximum, and am is the induced absorption at the band maximum. Growth of a radiation-induced absorption band in time at a constant flux has been found in investigations of alkali halides and glasses 6 -9 to be described by one linear term and one or more saturating exponentials
where N is the number of exponential components, t is the time in seconds, Ai and Bi are the magnitude and growth constants, respectively, and a 1 is the slope of the linear component. Previous studies 10 11 have reported that one exponential component accurately describes radiation-induced absorption growth in a wide variety of glass types, particularly multicomponent Schott glasses.
In this investigation, the induced absorption was analyzed as a function of total dose 1P (in rads). Since d1 is related to time through the dose rate 0 (d1 = t), Eq.
(2) with N = 1 can be put into the alternate form
This result requires the assumption that coloring is independent of the dose rate 0, behavior generally found to be true in previous studies of radiation effects on 
Glasses and Experimental Procedure
The glass samples used in both the 85-MeV proton and 7.0-MeV electron irradiation experiments were procured from Schott Optical Glass, Incorporated (U. S.) and polished at the National Aeronautics and Space Administration's Goddard Space Flight Center. The samples were circular disks, 2.5 cm in diameter and 0.2 cm thick. Before irradiation, the glasses were transparent from the near UV (around 300 nm) to the near IR. The proton and electron ranges for each glass were much greater than the 0.2-cm thickness, thus providing a relatively uniform energy deposition throughout the sample. Three types of glass were irradiated. Using Schott nomenclature, these glasses are LaK 21 (lanthanum crown), KzFS N4 (special short flint), and LF 5 (light flint). Along with being used in space applications, they represent a wide variety of chemical composition, physical properties, and degradation effects due to irradiation (Table I) .
The proton irradiations were carried out at the University of Maryland at College Park using an isochronous cyclotron. The samples were irradiated to cumulative fluences ranging from 5.0 X 1011 to 1.5 X 1014 protons/cm 2 in a scattering chamber evacuated to Torr. The beam flux was between 1010 and 6 X 1011
protons/cm 2 -sec. Determinations of flux and fluence were made with a Faraday cup and current integrator. After irradiation to a certain fluence, the samples were taken out of the chamber and their transmission spectra measured by a Perkin-Elmer model 200 spectrophotometer over the 280-700-nm wavelength region. Using peripheral interface equipment, the transmission measurements together with their corresponding wavelengths were monitored and stored using a DEC LSI-11 computer. The samples were then placed back into the chamber for further irradiation.
The electron irradiations were performed at the Transmission measurements during both the proton and electron experiments were taken approximately 1 h after irradiation. It is believed the bleaching, which occurs after irradiation, slowed sufficiently during the time that transient absorption effects decayed out, and only long-term absorption (i.e., absorption that is relatively stable at room temperature) remained.
Since 3 This measures the amount of energy that was transferred to the glasses by the incoming particle and often corresponds with the effects observed. While the conversions varied slightly depending on the density of each glass, they were -1.2 X 107 p/cm 2 /rad for the 85-MeV protons and -4.5 X 107 e/cm 2 /rad for the 7.0-MeV electrons. 
Induced Absorption Spectra
Examples of absorption spectra induced by proton irradiation of the three glasses under study are shown in Figs. 1, 2 , and 3. The spectra were resolved into a series of Gaussian shaped bands using a computer program that performed a least-squares fit to a nonlinear function, 1 4 in this case a sum of Gaussians [each Gaussian being defined by Eq. (1)]. The solid line through the data points in each figure is the sum of the individual absorption bands (dashed lines). By inspection it can be seen that the data were fitted very accurately. All the glasses exhibited three Gaussian bands in the near UV-visible region. However, each glass had its own unique fingerprint of band energies and halfwidths. All the resolved spectra also had a fourth Gaussian located with an absorption peak fitted at 5.5 eV or above. This high energy band can be regarded as the shift in the absorption edge toward longer wavelengths as the irradiation dosage increases.
The electron-induced absorption spectra for each glass showed the same band structure as their protoninduced counterparts.
As an example, in Fig. 4 , it can be seen that 7.0-MeV electrons produced absorption bands in LF 5 with peaks located at the same energies as the proton-induced bands (Fig. 3 ). This was also true for LaK 21 and KzFS N4. The band parameters obtained from the fitting process are given in Table II . All spectra measured for each glass after the various doses could be resolved into these bands.
Where absorption bands will be located in any particular glass is dependent on a number of variables, which include whether the glass was made under reducing or oxidizing conditions, the types and amounts of impurities in the glass, and the concentration of network modifying oxides in the material. 1 5 Since the composition of Schott glass is proprietary information, it is beyond the scope of this study to attribute each center to a particular kind of charge carrier trap.
However, other studies of multicomponent glasses have found that most color centers in the visible region can be attributed to hole-trapping. 15 
Induced Absorption Growth Curves
As noted earlier, growth of induced absorption in any.
one band with increasing dose of irradiation has been accurately described in previous studies by Eq. (3). However, when an absorption spectrum consists of bands reasonably separated (as. is the case in this investigation), Eq. (3) can also be used to describe the growth of the total induced absorption at a particular wavelength X. For spectra which meet this condition, this simplifies the equation's use in practical applications. It has been reported that the aL D term can be set to zero since its contribution is negligible in the dose range under consideration (•107 rads).1 6 Thus, data obtained from both proton and electron irradiations of the glasses were fitted to the expression
using a least-squares procedure. Constants a,, and b are dependent on X and glass type. Their values were calculated at selected wavelengths, which spanned the entire spectrum under investigation. Some results for each glass are listed in Table III. It can be seen from Table III that, while a, changed rapidly with decreasing wavelength in all three glasses, the growth constant b remained relatively stable. For any one glass, b changed by no more than a factor of [2] [3] for both the proton-and electron-generated growth curves. All the glasses had values for b falling in the same range (i.e., around 1.2 X 10-6 rad-1 for the proton-induced degradation data and about 5.0 X 10-6 rad-1 for the electron-induced degradation data). -This behavior is consistent with previous findings on Schott glass' 6 and provides a means for making rough estimations of the radiation-induced coloring of similar glass types.
Several absorption growth curves for LaK 21 after proton irradiation are shown in Fig. 5 . Such curves typify the responses of all three glasses after either proton or electron irradiation. The solid line through the data points was computed using the constants a,' and b from the fitting process and indicates that Eq. (4) reasonably describes the growth of induced absorption at the selected wavelengths. The growth proceeded linearly on a log scale at the lower doses and then quickly attained a saturation level for a dose of around 106 rads. This same behavior has been reported in other types of electron-irradiated Schott glass.1
Comparison of Proton-and Electron-induced Coloring
It has been shown that proton irradiation of the three glasses produced absorption bands with peaks at the same energies as those produced by electron irradiation.
This agrees with the current model of coloration, which views the energies of color centers as being dependent on the glass, its defects, and composition. It was also shown that protons and electrons induced the same type of absorption growth with increasing dose. For doses up to 107 rads, the induced absorption a at wavelength X exhibited a saturating exponential growth, thus providing the means to predict degradation in any of the three glasses for a particular fluence of proton or electron irradiation. However, the protons and electrons did not induce the same saturation levels a, in any one
. glass for certain areas of the spectrum. In fact, a pattern is discerned as one compares the values of a in Table III . While the protons produced a higher absorption saturation level than the electrons at the longer wavelengths (around 700 nm), the reverse occurred in the shorter wavelengths (around 300 nm). In that area of the spectrum, the electrons induced a greater absorption. The differences are not extreme at either end of the 2 8 0-700-nm spectrum, yet they are still larger than the fitted standard deviations (0.1-4%) of the saturating levels. For the three glasses tested, this indicates that the protons formed more low energy color centers at the saturation level than the electrons, while the electrons created a greater number of stable centers at the higher energies (at least for the range of energies being investigated). Should this finding hold for other glass types as well, it suggests that one must be careful in taking degradation effects produced by one type of charged particle and extrapolating effects produced by another type of radiation. The lens has a front part and a rear part which are adjustable axially and a middle part which provides the variable focal length capability. The front part basically is for focusing. The positions of the front and rear parts relative to each other and to the middle part can be iteratively changed to provide a substantially focused image throughout the zoom range when the lens is at a required operational temperature different from the design temperature. The temperature coefficient of index of refraction is in general higher for IR materials.
B.J.H. A versatile microscope structure is described which has three interchangeable light sources attached removably to aid operating through the hollow supporting structure. A variety of arrangements can be effected to permit use with a bright or dark field, fluorescence, polarization, etc.
J.J.J.S. A connector for joining one or more pairs of optical fibers uses a glass connector of triangular cross section to align the fibers precisely. One embodiment consists of a glass sleeve which is softened and crimped after the fibers are inserted.
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